Abstract-Frzb-1 is a secreted protein, presenting similarity with the Wnt-binding domain of the frizzled family of receptors, which acts as an antagonist of Wnt signaling. Using mRNA differential display in the rat aorta balloon injury model, we identified overexpression of Frzb-1 mRNA and determined its cDNA sequence. By quantitative reverse transcription-polymerase chain reaction and RNase protection assay, a biphasic upregulation of rFrzb-1 expression was observed, with significant peaks of a 1.7-fold increase at 4 days and a 1.5-fold increase at 3 weeks after aortic injury in vivo. In contrast, expression of the rat frizzled receptor genes rfz1 and rfz2 were transiently downregulated at 1 and 4 hours after balloon injury. rFrzb-1 was expressed predominantly in rat aortic smooth muscle cells (RASMCs) and barely in aortic fibroblasts and endothelial cells (RAECs), whereas rfz1 and rfz2 were expressed in all of these cells when stimulated with serum. Transient downregulation of rfz1 and rfz2 expression was reproduced by stimulation of quiescent RASMCs with serum, platelet-derived growth factor-BB, or fibroblast growth factor-2. In contrast, rFrzb-1 expression diminished slowly, to reach a 2-fold decrease 24 hours after growth factor stimulation, implying that quiescent RASMCs expressed higher levels of rFrzb-1 mRNA than did proliferative ones. Overexpression of rFrzb-1 in the aorta seemed to coincide with the arrest of RASMC proliferation occurring in the media 4 days and in the neointima 3 weeks after balloon injury. Our results demonstrate that rfrzb-1, rfz1, and rfz2 are differentially regulated in response to arterial injury and that this modulation seems to follow the proliferative state of RASMCs, suggesting that these Wnt-signaling components may be involved in intimal vascular disease. 
V ascular smooth muscle cells (VSMCs), the predominant cell type in the tunica media of the mammalian vascular wall, maintain vascular tone by their contractile properties. Inappropriate VSMC activation plays a key role in the development of pathological processes characterized by intimal thickening, such as atherosclerosis, vascular rejection, and restenosis after angioplasty. 1, 2 In all of these vascular disorders, VSMCs display increased proliferation, migration, and synthesis of extracellular matrix (ECM) featuring different phenotypic "switches" mediated by changes in gene expression. 3, 4 In response to vascular injury, such as in the wellestablished model of rat carotid artery balloon injury, 5 temporal and spatial changes in VSMC phenotype take place. 6, 7 Quiescent, contractile cells in the media of the vessel wall start proliferating and losing their differentiated, contractile phenotype 1 hour after injury and display a proliferative phenotype in the media for up to 3 days. From 3 to 14 days, VSMCs migrate from the media, through the internal elastic lamina, and into the intima, where a new proliferative wave is observed, as well as the synthesis of ECM components from 7 days up to at least 4 weeks after vascular injury. Although VSMCs with different phenotypes coexist in the injured artery, thus increasing the complexity of their analysis, in vivo models remain useful tools to study VSMC activation. To date, different growth factors, cytokines, chemokines, and ECM components have been identified that mediate or modify VSMC proliferation and/or migration in a paracrine or autocrine fashion. 4 However, the factors and mechanisms controlling VSMC activation are not yet fully understood.
To identify genes that are associated with the modulation of VSMC phenotype after vascular injury and that are potentially causative, we applied mRNA differential display 8 to the rat aorta balloon injury model. 5, 6 In the present study, we have identified the rat Frzb-1 because of its overexpression in the balloon-injured aorta. Frzb-1 is a secreted protein sharing high homology with the extracellular, cysteine-rich domain (CRD) of the frizzled family of proteins. 9 The frizzled proteins are 7 transmembrane receptor types considered to be the Wnt receptor through binding with the CRD. 9 -12 With a similar CRD but without the membrane anchorage, Frzb-1 proteins are able to bind and inhibit Wnt in various models in vivo and in vitro. [13] [14] [15] [16] The Wnt pathway has been implicated in normal development through an effect on cell proliferation, migration, and differentiation. 17 In view of the changes in Frzb-1 expression and the potential involvement of Wnt signaling in the cellular events occurring after arterial injury, we investigated the expression of the rat frizzled receptor genes, rfz1 and rfz2, 18 in the balloon-injured rat aorta. To further determine the factors and cellular events that contribute to or are correlated with the modulation of rFrzb-1, rfz1, and rfz2 expression, we examined the effects of the mitogenic and/or chemotactic factors platelet-derived growth factor (PDGF)-BB and fibroblast growth factor (FGF)-2 2 in cultured rat aortic SMCs (RASMCs). Altogether, our results suggest that the Wnt-signaling components rFrzb-1, rfz1, and rfz2 are involved in the gene program of vascular wall remodeling after balloon injury.
Methods

Materials
Radioactive products [␣-32 P]UTP (800 Ci/mmol), [␣-35 S]dATP (Ͼ1000 Ci/mmol), and [␣- 33 P]ddNTP (1500 Ci/mmol) were obtained from Amersham. Oligodeoxynucleotides and restriction enzymes were purchased from Gibco-BRL. Recombinant human PDGF-BB and FGF-2 were purchased from Sigma and BoehringerMannheim, respectively.
Aortic Balloon Injury
After undergoing pentobarbital anesthesia (0.06 mg/g body weight, intraperitoneal), Wistar-Kyoto rats (Centre de production animale, Olivet, France) weighing Ϸ600 g underwent balloon injury of the thoracic and abdominal aortas. A 2F Fogarty balloon catheter (Baxter) was introduced via the carotid artery into the aorta and then inflated and withdrawn 5 times. The rats were then killed by pentobarbital overdose (10 mL 1% solution) at 0 (nϭ10), 1 hour (nϭ10), 4 hours (nϭ10), 2 days (nϭ10), 4 days (nϭ11), 7 days (nϭ10), 14 days (nϭ10), 21 days (nϭ12), and 28 days (nϭ8) after balloon injury. Aortas were immediately harvested and the adventitia removed before being frozen in LN 2 .
Cell Fractionation and Culture
ASMCs, endothelial cells (ECs), and fibroblasts were harvested from the aortas of male Wistar-Kyoto rats by enzymatic dissociation as previously described. 19 Primary cells were grown on fibronectincoated flasks for RAECs, on collagen I-coated flasks for RASMCs, and on uncoated flasks for fibroblasts in Dulbecco's modified Eagle's medium containing Glutamax supplemented with 100 U/mL penicillin, 100 g/mL streptomycin, 20 mmol/L HEPES (pH 7.4; all from Gibco-BRL), and 10% FCS (Seromed). Purity of cell preparations was confirmed by immunostaining with specific antibodies against rat EC or SM ␣-actin. Growth factor and serum treatments were performed on subconfluent RASMCs at passage 2, which were cultured in serum-free medium for 24 hours before further treatment. For each treatment, 3 separate experiments were performed in duplicate.
RNA Extraction
To minimize interanimal and procedural variability, 2 pools of total RNA extracts (1 and 2) were prepared from 4 to 6 injured aortas for each time point after balloon injury by homogenization in TRIzol solution (Gibco-BRL). Total RNAs from cultured RASMCs were isolated by direct lysis in TRIzol. RNA concentration was calculated from the absorbance at 260 nm, and RNA preparations were controlled by visualization of 28S and 18S RNAs on agarose gel. 35 S]dATP, and 2 U of AmpliTaq polymerase (Perkin Elmer) for 40 cycles of the following steps: 94°C for 30 seconds, 40°C for 2 minutes, and 72°C for 1 minute. PCR products were separated on a 6% DNA sequencing gel. After autoradiography, differentially amplified bands were excised and eluted from the gel and reamplified by using the same PCR conditions and primers.
Cloning, Sequencing, and Homology Searching
PCR products were blunt-ended with 5 U of pfu polymerase, ligated into the pCRScript cloning vector (Stratagene), and sequenced in Oligonucleotide Primers for rgax, rpL32, 4D4A-Frzb-1, rfz1, and Base pair positions are those given in the published sequences for rat gax, 20 rfz1, rfz2, 18 rpL32 21 and for the rat Frzb-1 characterized herein. The rpL32 protected RPA fragments correspond to the 193-bp AvaII fragment of the PCR product. Quantitative RT-PCR was performed with the indicated number of PCR cycles for balloon-injured aortas* and for cultured RASMCs †.
both directions by using universal Ϫ21M13 and REV ET dye primers and the Thermosequenase dye-primer sequencing kit (Amersham) on an ABI373 automatic sequencer. Sequence homology was obtained by BLAST searching against the EMBL and GenBank databases.
Quantitative RT-PCR
Quantitative reverse transcription (RT)-PCR analysis was done by coamplification of the tested cDNA and the internal cDNA standard, rpL32. PCR primers were previously described for rat gax 20 and rat rpL32 21 and were designed according to the published sequences for rat fz1, rat fz2, 18 and the determined 4D4A sequence for rat 4D4A-rFrzb-1 (the Table ) . RT-PCR was applied to DNase I-treated RNA isolated from injured aortas or to the total RNA isolated from RASMCs after various treatments. RNA (1 g) was subjected to RT in the presence of 200 U of SuperScript reverse transcriptase and 10 pmol of oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer (Pharmacia). For each tested cDNA and rpL32 cDNA, initial studies were done to determine the amount of cDNA, the annealing temperature, and the number of cycles required to ensure that the amplification was in the linear range. At the chosen annealing temperatures (the Table ) , only 1 band was observed for each amplified product, and its identity was confirmed by direct sequencing. Standard conditions for PCR were performed with 1 L of cDNA (equivalent to 20 ng of RNA), 12 pmol of each sense and antisense primer for the tested gene, 250 mol/L dNTP, 3 Ci of [␣-
35 S]dATP, and 2 U of Taq polymerase (Gibco-BRL) with the following steps: 94°C for 30 seconds, 55°C to 58°C for 1 minute, and 72°C for 1 minute, repeated for 23 to 29 cycles as indicated in the Table . Primers for rpL32 (12 pmol each) were added during the PCR to maintain 21 PCR cycles. PCR products were electrophoresed on native 7.5% acrylamide gel and autoradiographed. Band intensities were measured by using the Molecular Imager GS-525 system (Bio-Rad). The ratios of the tested cDNA signal versus the rpL32 cDNA signal were calculated for each coamplified sample and compared with the ratio obtained for the control of the experiment (time 0ϭ100%).
RNase Protection Assay
For the generation of riboprobes, pCRScript vectors containing the different PCR products, obtained with the primers described in the Table , were linearized, and these DNA templates were transcribed and labeled in vitro with 50 Ci of [␣-32 P]UTP and either T3 or T7 RNA polymerase (Promega). An RNase protection assay (RPA) was performed by using 5 g of injured aorta total RNA and 2ϫ10 5 counts per minute of each labeled riboprobe as previously described. 22 Protected probes were separated on a 5% acrylamide-8 mol/L urea acrylamide gel and autoradiographed. Intensities of the protected bands were measured with the Molecular Imager GS-525 system. For each time point, the intensity ratio of the tested, protected band versus the rpL32 protected fragment as the internal control was determined.
Statistical Analysis
Data from the semiquantitative RT-PCR and RPA are expressed as meanϮSE. Statistical comparisons were made by ANOVA (repeated measures and Fischer's protected least-squares difference), and values were considered to be significant at PϽ0.05.
Cloning of Full-length 4D4A cDNA
The nucleotide sequence upstream from the initially cloned 4D4A cDNA fragment was obtained by 2 cycles of rapid amplification of the cDNA ends by using the 5Ј-RACE system (Gibco-BRL). First-strand cDNA was synthesised from 1 g of RASMC total RNA by using the specific 4D4A antisense primer 5Ј-CTACTACCACATGGGTAAGC-3Ј and the SuperScript II reverse transcriptase, and the full-length cDNA 4D4A, corresponding to the rat Frzb-1 cDNA, was obtained by 2 different nested PCRs and sequenced. The primers used for this cloning are available on request, and the sequence of Frzb-1 cDNA is available in the EMBL database with the accession number AJ224337.
Results
Identification of Differentially Expressed 4D4A cDNA Fragment After Aortic Balloon Injury
From the mRNA differential display performed with the SD4 decamer (5Ј-TTTTGGCTCC-3Ј) and the oligo(dT) primer (5Ј-T 12 VG-3Ј), a band corresponding to the 4D4A DNA fragment with a marked increase of intensity at 4 days after injury was isolated ( Figure 1A ). After reamplification and cloning into the pCRScript vector, this cDNA fragment of 331 bp was sequenced in both directions, and partial homology with the 3Ј end of the murine frzb-1 cDNA 13 was revealed by BLAST searching against available databases. This partial homology was found as a 90% nucleotidesequence similarity on a 174-bp overlap ( Figure 1B ). This homology allowed us to orient the 4D4A DNA fragment in the 5Ј to 3Ј direction ( Figure 1B) , and from this identified sequence, 2 specific primers were designed (the Table and A, Differential display analysis. Balloon-injured rat aortas were harvested at deendothelialization (0); at 1 and 4 hours (H1 and H4); at 2, 4, 7, and 14 days (D2, D4, D7, and D14); and at 3 and 4 weeks (W3 and W4) after injury. mRNA differential display was done with SD4 decamer (5Ј-TTTTGGCTCC-3Ј) and oligo(dT) (5Ј-T 12 VG-3Ј) primers. Each time point corresponds to DNase I-treated, pool 1 RNA isolated from injured aortas (4 to 6 rats). The 4D4A band was excised, eluted, and reamplified. B, 4D4A nucleotide sequence. After subcloning in pCRScript vector, the resulting 4D4A PCR product was sequenced. Sequences of specific primers designed to amplify 4D4A cDNA are underlined. Partial sequence alignment with the 3Ј end of murine Frzb-1 cDNA is shown. Figure 1B ) that allowed measurement of 4D4A expression by quantitative RT-PCR and RPA. The full-length cDNA corresponding to the 4D4A mRNA species was cloned by 5Ј-RACE by using 2 nested PCRs, and a complete 4D4A cDNA sequence of 2512 bp was assembled, which corresponds to the rat Frzb-1 (rFrzb-1) cDNA (EMBL accession number AJ224337). Indeed, an overall 92% nucleotide-sequence identity was observed with the murine Frzb-1 cDNA, and the deduced 323-amino acid sequence represents 97.5% identity with mouse Frzb-1 13 (not shown).
Mao et al rFrzb-1, rfz1, and rfz2 Expression in Injured Aorta
Upregulation of 4D4A mRNA in Balloon-Injured Aortas
Quantitative RT-PCR analysis of 4D4A mRNA expression was done by using specific primers ( Figure 1B ) and coamplification of the standard rpL32 cDNA as an internal control in pools 1 and 2 of DNase I-treated RNAs from rat aortas after balloon injury. In the deendothelialized aorta (time 0), 4D4A mRNA was already expressed, and upregulation of its expression was observed from 2 to 7 days after balloon injury, with a marked and significant increase of 1.64-fold above baseline (PϽ0.01) at 4 days and a 1.3-fold increase at 2 and 7 days after injury (Figures 2A and 2B) . A second peak of increased expression also appeared significant, with a 1.52-fold greater value 3 weeks after injury than at baseline (PϽ0.01). By RPA ( Figures 2C and 2D) , which was performed with antisense 32 P-labeled riboprobes to 4D4A and rpL32 mRNAs, the overall curve of 4D4A mRNA expression at the various times after arterial injury was similar to that obtained by quantitative RT-PCR (Figures 2A and 2B ). 4D4A mRNA expression was upregulated 1.7-fold (PϽ0.01) 4 days after aortic injury, and a second peak of increased expression, 1.55-fold above baseline (PϽ0.06), was observed at 3 weeks.
rfz1 and rfz2 Expression in Balloon-Injured Aortas
To further investigate the involvement of Wnt-signaling components in rat aorta balloon injury, expression of the frizzled rfz1 and rfz2 genes 18 was analyzed. Specific pairs of primers were designed for amplification of rfz1 and rfz2 cDNA sequences (Table) , and RT-PCR products obtained from aortic RNA were sequenced to confirm amplification specificity. As shown by the results of quantitative RT-PCR analysis, deendothelialized aortas expressed both rfz1 and rfz2 mRNAs, and these basal levels were rapidly and transiently downregulated after balloon injury (Figures 3A and  3B) . The nadir was reached 1 hour after injury, with a 1.67-fold (PϽ0.05) decrease for rfz1 and a 1.6-fold (PϽ0.01) decrease for rfz2 with respect to baseline. At 4 hours after cDNA and the internal-control rpL32 cDNA from DNase I-treated aortic RNAs isolated at the indicated times after injury. B, Bar graph shows the relative level of 4D4A mRNA expression at different times after rat aortic injury determined in each coamplified sample by the signal intensity ratio of 4D4A to rpL32. Relative expression of 4D4A mRNA (% of values obtained for control, deendothelialized aortas meanϮSE) was determined from DNase I-treated RNA pools 1 and 2 from 8 to 12 animals). Two separate reverse transcriptions were done for each pool and a duplicate PCR for each reverse transcription for each time point. *PϽ0.01 vs control (time 0) by ANOVA. C, Representative RPA done with 32 P-labeled riboprobes for 4D4A mRNA and rpL32 mRNA as the internal control, hybridized with 3 g of total RNA from pooled aortas (4 to 6 rats) harvested at the indicated times after balloon injury. Arrows indicate the 280-and 193-bp protected fragments corresponding to 4D4A mRNA and rpL32 mRNA, respectively. D, Bar graph shows quantitative analysis of RPA results. 4D4A mRNA expression was measured in the 2 pools of total RNA isolated after aortic balloon injury (8 to 12 rats). All values (meanϮSE) correspond to the relative amounts of 4D4A mRNA as determined by the intensity ratio of the 4D4A protected fragment to the rpL32 protected fragment. *PϽ0.05, **PϽ0.01 vs control (time 0) by ANOVA. H indicates hour(s); D, days; and W, weeks.
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injury, recovery of the basal expression of rfz1 and rfz2, respectively, was initiated with a 1.34-fold (PϽ0.05) and a 1.38-fold (PϽ0.05) decrease below baseline. Of note, rapid and transient downregulation of the growth-arrest gax gene after carotid injury has also been described. 23 Compared with the downregulation observed for gax, with a 1.84-fold (PϽ0.01) reduced level versus control, rfz1 and rfz2 downregulation displayed similar kinetics and levels ( Figures 3A  and 3B ). From 2 days until 4 weeks after injury, rfz1 mRNA expression was similar to that observed in the deendothelialized aorta, whereas rfz2 mRNA expression displayed a level slightly above baseline, with a 1.4-fold increase (PϽ0.05) at 3 weeks after injury. By RPA, rfz2 ( Figure 3C ) and rfz1 (data not shown) variations in expression in the rat aorta after balloon injury were confirmed.
rFrzb-1, rfz1, and rfz2 Expression in RASMCs
The pattern of rFrzb-1, rfz1, and rfz2 expression in cells isolated from the aortic wall was analyzed. Subconfluent RASMCs, fibroblasts, and RAECs were serum deprived for 24 hours before stimulation with 10% serum. By RT-PCR analysis, rFrzb-1 appeared to be expressed predominantly in RASMCs, because its expression was undetectable in fibroblasts and barely detectable in RAECs, even after increasing the number of PCR cycles (30 instead of 26; Figure 4A ). rfz1 and rfz2 were highly expressed in fibroblasts and RASMCs and to a lesser extent, in serum-stimulated RAECs. In serum-stimulated RASMCs, expression of rfz1 and rfz2 mRNAs first decreased at 8 hours (3-fold, PϽ0.01) and then increased at 24 hours (1.5-fold, PϽ0.01) compared with quiescent, serum-deprived cells ( Figures 4A and 4B) , thereby reproducing the transient downregulation observed in vivo ( Figures 3A and 3B ). In contrast, rFrzb-1 expression remained downregulated 24 hours after serum stimulation, with an expression level in quiescent, serum-deprived RASMCs that was twice as high as in serum-stimulated ones (Figure 4) .
Downregulation of rFrzb-1, rfz1, and rfz2
Expression by PDGF-BB and FGF-2
To delineate more precisely which signals lead to the modulation of expression of these genes, RASMCs were stimulated with either PDGF-BB or FGF-2. Subconfluent RASMCs were serum deprived for 24 hours before treatment, and rFrzb-1, rfz1, and rfz2 mRNA expression was determined by quantitative RT-PCR analysis ( Figure 5 ). With 20 ng/mL PDGF-BB, a rapid and transient downregulation of rfz1 and rfz2 expression was observed, with a maximum decrease of 2-fold (PϽ0.01) and 2.4-fold (PϽ0.01), respectively, at 4 hours compared with serum-deprived cells. Similar downregulation was observed for gax expression, with a 4.4-fold decrease induced by PDGF-BB at 4 hours. With 50 ng/mL FGF-2, the extent of downregulation of rfz1 and rfz2 expres- 
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sion was different, with a 2.85-fold (PϽ0.01) decrease for rfz2 and a slight 1.38-fold (PϽ0.01) decrease for rfz1, 2 hours after stimulation. gax expression was also less affected by FGF-2, with only a 2.35-fold decrease at 4 hours (PϽ0.01). Slow and progressive downregulation of rFrzb-1 mRNA expression reached a 2-fold decrease at 24 hours with either PDGF-BB or FGF-2. No significant difference in the regulation of rFrzb-1 expression was observed between the various factors used: serum, PDGF-BB, and FGF-2.
Discussion
In the present report, we describe the modulation of expression of genes belonging to the Wnt-signaling pathway in the rat arterial wall after in vivo injury and during proliferation of RASMCs in vitro: the frizzled-related rFrzb-1 gene and the frizzled rfz1 and rfz2 genes. 18 The frizzled proteins are 7 transmembrane receptor types with an extracellular CRD, 9,11,12 first identified as a regulator of hair polarity in Drosophila. 10 Various studies have now demonstrated the ability of frizzled proteins to bind members of the Wnt family through the CRD and to elicit Wnt-dependent biological responses in vitro and in vivo. 11, 12, 24 Frzb-1 proteins bearing a similar frizzled CRD are able to bind Wnt and to antagonize its biological activity in vitro and in vivo during Wntdependent ventral axis formation in the Xenopus embryo. 13, 14 The Wnt-signaling cascade has a crucial role in the control of cell-cell junctions and ECM-cell adhesion, probably via modulation of ␤-catenin intracellular levels. 9, 17 Our results might suggest that at least part of the VSMC phenotypic changes occurring after vascular injury 1 are regulated by components of the Wnt-signaling cascade. Using mRNA differential display 8 in the rat aorta balloon injury model, 5 we detected overexpression of the rat Frzb-1 gene (Figure 1 ) and cloned its complete cDNA. Upregulation of rFrzb-1 expression at 4 days and 3 weeks after aortic balloon injury compared with the deendothelialized aorta was confirmed by quantitative RT-PCR and RPA (Figure 2) . Analysis of rFrzb1 expression in the different cell types isolated from the aorta confirmed that rFrzb-1 expression in the arterial wall reflects its expression in VSMCs. Indeed, in contrast to its barely detectable expression in fibroblasts and RAECs in culture, rFrzb-1 mRNA was found at relatively high levels in RASMCs (Figure 4) . Cellular events known to occur in VSMCs after vascular injury have been shown to be temporally and spatially regulated. At 4 days after injury, medial VSMCs stop proliferating and start migrating toward the intima, whereas at 3 weeks, most VSMCs in the neointima have stopped proliferating except for those localized at the luminal surface of the vessel wall. 7 To distinguish whether rFrzb-1 upregulation was correlated with cell arrest, proliferation, or migration, in vitro studies were carried out on RASMCs at a very early passage (passage 2) and cultured on collagen I. In vitro, PDGF-BB has been shown to be a potent mitogen and chemotactic factor for RASMCs, whereas FGF-2 displays mainly a mitogenic effect. 2 Regardless of the stimulus used, a similar decrease of rFrzb-1 expression was observed after treatment compared with quiescent, serum-deprived RASMCs (Figures 4 and 5) . Upregulation of rFrzb-1 in the balloon-injured rat aorta was observed at 4 days and 3 weeks after injury, when the arrest of VSMC proliferation is observed in the media and in the neointima, respectively. Although these observations were made at different time scales and under different experimental conditions, they are both compatible with a decrease of rFrzb-1 expression in proliferative RASMCs and an increase of rFrzb-1 expression in more quiescent cells. 7 Although a 2-fold downregulation of rFrzb-1 was observed in vitro when RASMCs become proliferative, a clear rFrzb-1 downregulation was not observed in vivo in the first hours after injury, when proliferating VSMCs in the media appeared. 7 Only a faint and nonsignificant decrease (20%) of rFrzb-1 expression was seen 1 hour after injury (Figure 2 ). This finding can be explained by the proportion of nonproliferating versus proliferating cells in the media after injury, since only a subset of VSMCs undergoes proliferation 25 and thus, likely blunts the apparent downregulation of rFrzb-1 expression. Alternatively, a factor inducing rFrzb-1 expression might appear concomitantly, and then the apparent level would reflect the predominance of the inducer signal. These 2 explanations are not mutually exclusive, and it will be of a great interest to identify such rFrzb-1 inducer signals.
Frizzled-related proteins form an emerging family of secreted factors that already includes 8 members identified in different species. 9, 17 Frizzled-related proteins share relatively high homologies, with 40% to 50% identity in their amino acid sequence, and are involved in development, like Frzb-1, 13, 14 or in the control of cell proliferation, like DDC-4 26 and the secreted apoptosis-related proteins (SARPs). 27 Expression of the rat DDC-4 gene was associated with apoptosis, 26 and the murine SARP1, displaying higher expression in quiescent, mouse embryonic cells than in proliferating ones, has been shown to possess antiapoptotic activity by reducing cell sensitivity to tumor necrosis factor. 27 SARP2, another member of the frizzled-related protein family, had an opposite effect. 27 Evidence of VSMC apoptosis has been demonstrated in vivo in the rat carotid artery angioplasty model, in the media from 1 hour after injury, 28 and in the neointima from 7 to 30 days after injury. 29, 30 Bennett et al 31 have shown that human coronary VSMCs undergo apoptosis under serumdeprived culture conditions. In view of all these results and of our results on rFrzb-1 expression in RASMCs in vivo and in vitro, it will be of interest to look for its possible effects either on apoptosis or on the inhibition of cell proliferation.
To further investigate possible involvement of the Wntsignaling cascade in response to vascular injury, we studied the expression of the rfz1 and rfz2 frizzled genes. 18 They are expressed in the deendothelialized rat aorta and in cultured RASMCs as well as in proliferating fibroblasts and RAECs, whereas rFrzb-1 expression was more specific to RASMCs ( Figures 3 and 4) . In contrast to rFrzb-1, a rapid and transient downregulation of rfz1 and rfz2 expression was observed during the first hours after balloon injury. The decrease was Ϸ1.7-fold at the nadir, and recovery of the initial levels of rfz1 and rfz2 expression was completed 2 days after injury (Figure 3) . Interestingly, rfz1 and rfz2 represent a new set of genes whose expression is rapidly downregulated after arterial trauma, and which encode for receptors involved in the control of cell-cell and ECM-cell contacts. 9, 17 The growth arrest gene gax, which codes for a transcription factor containing a homeobox domain, 20 was the first gene identified that displayed such regulation in a rat carotid injury model. 23 Our results show that rfz1, rfz2, and gax expression undergoes similar downregulation in the aorta after balloon injury ( Figure 4 ) and in RASMCs stimulated with serum and PDGF-BB ( Figure 5 ). This suggests that downregulation of these genes is triggered by the same signals that induce aortic SMC proliferation in vivo. Because rfz1 and rfz2 are involved in the control of cell-cell and ECM-cell interactions, distension of the vessel wall after balloon injury may be the common signal for downregulation of rfz1, rfz2, and gax expression.
Another intriguing feature is the secondary weak increase of rfz2 but not of rfz1 expression observed after arterial injury. Although an increase in rfz2 expression appeared significant only 3 weeks after injury, its overall level of expression from 2 days to 4 weeks was slightly above basal level, a phenomenon that was not observed for rfz1 ( Figure  3 ). Proliferating RAECs also expressed rfz2 (Figure 4 ), but overexpression of rfz2 3 weeks after injury is unlikely owing to endothelium regeneration, since maximum endothelial proliferation is known to occur beyond 4 weeks after injury. 7 Recently, rfz2 upregulation has been reported in cardiomyocytes during development of left ventricular hypertrophy 32 and in myofibroblasts in infarcted rat heart. 33 The latter was correlated with myofibroblast migration and proliferation around the infarcted area, and in this case also, rfz1 expression was not increased. After arterial wall injury, the neointima displays some characteristics of chronic, fibroproliferative lesions due to VSMCs. 1 Our results on rfz2 upregulation in the arterial wall after injury are thus in agreement with those obtained in other cardiovascular disorders involving fibroproliferative repair, suggesting that rfz2, on the basis of frizzled effects on polarity in Drosophila, 10,34 may be important for VSMC alignment during vascular remodeling.
Interestingly, our results show that rFrzb-1, rfz1, and rfz2 are differentially regulated in vivo after arterial injury and in subconfluent proliferating RASMCs in vitro, inducing modulations of the balance between factors displaying putative antagonist effects. Altogether, these expression studies, as well as the emerging evidence on the crucial role of the frizzled-related proteins and of the frizzled receptor families in the control of cell proliferation and/or apoptosis, strengthen the biological relevance of the differential modulation of rFrzb-1, rfz1, and rfz2 expression during arterial wall remodeling after injury. Future investigations will determine whether Wnt-signaling components play a key role in vascular wall pathology and morphogenesis and whether they may constitute novel therapeutic targets for vascular disorders.
